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ABSTRACT

The use of Coal Bottom Ash (CBA) as a sand substitute in concrete has become an
interesting research topic due to its potential to produce sustainable concrete.
Therefore, this study aims to predict and optimise the effect of adding CBA as a sand
replacement with different water-cement ratio on the hardened properties of concrete
at different curing ages using the Response Surface Method (RSM). Based on Central
Composite Design (CCD) of RSM, 18 mixes of various combinations of the
independent factors (water-cement ratio: 0.40—0.50, percentage of CBA replacement:
5—20%, and curing age: 28—56 days) were generated, and two responses (compressive
strength and water absorption) were investigated. The results show that the 5% CBA
replacement at a water-cement ratio of 0.40 produced the highest compressive
strength. Nonetheless, it is weaker than control concrete. When the concrete mix has
a water-cement ratio of 0.45 with lowest CBA replacement of 5%, the CBA concrete
has a significant effect, which surpassed the control concrete. It has been observed that
concrete with up to 20% CBA absorbs less water at all ages. The results of Analysis
of VVariance (ANOVA) and statistical validation methods showed that all models were
robust, reliable, and significant. The coefficient of determination (R?) for both models
is near to 1 (R? > 0.94) and variation data less than 5%, demonstrating that the
suggested model equations can predict future observations. In a nutshell, the use of
CBA as concrete materials could minimise the consumption of natural resources while
preserving the environment. The implementation of RSM in the concrete industrial

sector helps to save costs, save time, and make more efficient use of main power.
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ABSTRAK

Penggunaan abu dasar arang batu (CBA) sebagai pengganti pasir dalam konkrit telah
menjadi topik kajian yang menarik kerana ianya berpotensi untuk menghasilkan
konkrit yang mampan. Oleh itu, kajian ini bertujuan untuk meramal dan
mengoptimumkan kesan penambahan CBA sebagai pengganti pasir dengan nisbah air-
simen yang berbeza keatas sifat keras konkrit pada umur pengawetan yang berbeza
dengan menggunakan kaedah gerak balas permukaan (RSM). Berdasarkan rekabentuk
komposit berpusat (CCD) dalam RSM, 18 campuran pelbagai kombinasi faktor input
(nisbah air-simen: 0.40—0.50, peratusan penggantian CBA: 5—20%, dan umur
pengawetan: 28—56 hari) adalah dihasilkan, dan dua tindakbalas (kekuatan mampatan
dan penyerapan air) telah disiasat. Keputusan menunjukkan penggantian CBA pada
5% dengan nisbah air-simen 0.40 menghasilkan kekuatan mampatan tertinggi. Walau
bagaimanapun, ia lebih rendah daripada konkrit kawalan. Apabila campuran konkrit
berubah ke nisbah air-simen 0.45 dengan penggantian CBA serendah 5%, konkrit
CBA menunjukkan kesan yang ketara, iaitu mengatasi konkrit kawalan. Selain itu,
juga telah diperhatikan bahawa konkrit dengan penambahan CBA sehingga 20%
menyerap sedikit air pada semua peringkat umur. Keputusan analisis varians
(ANOVA) dan kaedah pengesahan statistik menunjukkan bahawa semua model
adalah teguh, boleh dipercayai, dan signifikan. Nilai pekali penentuan (R?) untuk
kedua-dua model adalah menghampiri nilai 1 (R? >0.94) dan data variasi didapati
kurang daripada 5%, menunjukkan bahawa persamaan model yang dicadangkan boleh
meramalkan sifat konkrit CBA pada masa hadapan. Secara ringkasnya, penggunaan
CBA sebagai bahan konkrit boleh meminimumkan penggunaan sumber asli di
samping memelihara alam sekitar. Penggunaan RSM dalam sektor industri konkrit
membantu menjimatkan kos, menjimatkan masa, dan membantu menggunakan kuasa

utama dengan lebih cekap.
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CHAPTER 1

INTRODUCTION

1.1  Research Background

Environmental issues are a worldwide concern, and the overabundance of waste
resources significantly contributes to these concerns. Population growth, rapid
industrial and economic growth have resulted in increased waste resources. In
particular, coal ash waste has been identified as one of the waste resources. It is
produced in response to the coal combustion process in electrical power plants. In fact,
the rising demand for the use of electrical power can increase the use of coal. Most
power plants around the world utilise coal as their main substance in order to produce
electrical power. According to Abdullah et al. (2018), coal is the most cost-effective
and abundant resource compared to oil and natural gas. Hence, it has gained
recognition around the world. Apart from that, Khongpermgoson et al. (2020) stated
that the statistics of overall power consumption for Thailand and Southeast Asia will
push up the power requirement to almost 80% due to 2036. The electrical consumption
in Peninsular Malaysia will be produced from coal and gas (58% and 25%) in coming
2024 (Rafieizonooz et al., 2016). Despite this, numerous power plants in Malaysia
exercised coal as their main source, including the Kapar, Manjung, Sejingkat, Jimah,
and Tanjung Bin Power Plants (Ibrahim et al., 2019). In general, the coal ash waste
was made up of non-combustible components present in coal. Several coal ash wastes,
including Coal Bottom Ash (CBA), were produced during the combustion process. It
is called CBA since it is collected at the bottom of the furnace in a coal-fired power
plant. Nonetheless, it has been reported that the annual production of CBA in India is

about 25 million tones, 14 million tones in the United States, 4 million tones in Europe,



and 1.6 million tones in Malaysia (Mangi et al., 2019). These wastes are expected to

be produced in large amounts in the future due to the demand for power consumption.

Besides that, in the effort to maintain a cleaner and greener environment,
developing sustainable solutions for the safe disposal of industrial waste has become
a global concern. In the industries and research fields, the reuse of waste materials has
earned great interest (Salleh et al., 2021). The construction materials such as natural
sand are highlighted in this research since these resources are depleted due to rising
demand for concrete production. Considering the sustainable development of
construction materials, exercising CBA as a partial replacement for fine aggregate has
emerged as an innovative approach to conserve the resources of natural sand.
Moreover, this approach will reduce the environmental issues related to industrial
waste disposal. Numerous researchers have discovered that using CBA as a partial
replacement for sand aggregate in concrete is acceptable (Al-fasih et al., 2019;
Ghadzali et al., 2020; Jawahar et al., 2019; Hannan et al., 2020; Singh & Siddique,
2014, 2015). The strength properties of concrete utilising CBA as fine aggregate has
been reported to have indicated encouraging results. However, there were certain
limits, such as a lower level of strength and concerns regarding differing data gathered
from previous studies. In addition, most studies have discovered that 10-20% CBA
replacement to sand satisfied strength development (Al-fasih et al., 2019; Ghadzali et
al., 2020; Jawahar et al., 2019; Muthusamy et al., 2021). Despite the fact that numerous
researchers have studied these works to determine the optimal percentage replacement
of CBA, there is a lack of literature on the use of various water-cement ratios in CBA
concrete. It is crucial to determine the proper water-cement ratio since CBA is known
to absorb a lot of water and also its chemical properties influence its strength. Due to
this, further investigation of CBA as sand replacement with different water-cement
ratios is needed to find the optimal amount of CBA concrete as well as its influence
on concrete properties.

In a few decades, most researchers have focused on predicting and optimising
the properties of different composites through modelling tools rather than the
conventional method (Algaifi et al., 2021; Awolusi et al., 2019; Mhaya et al., 2022;
Nazerian et al., 2018). The conventional method is often expensive and time-
consuming. However, the Response Surface Method (RSM) modelling tools have

been brought into engineering fields. For instance, RSM is one of the most well-known



statistical and mathematical approaches for making predictions (Haque et al., 2021).
This approach employs an input parameter function to set up the output parameters or
responses (Poorarbabi, Ghasemi & Moghaddam, 2020). In addition, RSM is often
utilised to find the optimal set of inputs to optimise the output response (Sultana et al.,
2020). It is advantageous for RSM, which provides a mathematical solution to a
problem, reduces the number of experimental trials, and saves time as well as costs
(Chong et al., 2021). According to Hammoudi et al. (2019), RSM has been utilised
most often in the field of concrete materials to make predictions regarding the
characteristics of concrete. In past studies, Sourav et al. (2021) utilised RSM to predict
concrete's compressive strength and splitting tensile strength using Fine Glass
Aggregate (GFA) waste and Condensed Milk Can (tin) Fibres (CMCF). Besides,
Algaifi et al. (2022) also exploited RSM to optimise and predict the mechanical
characteristics of Coconut Shell (CS) concrete. Other studies by Khataei & Nasrollahi
(2020) employed RSM to optimise the tensile strength of concrete incorporating coal
waste, considering the cost. There have been numerous studies on the application of
RSM in the concrete fields (Algaifi et al., 2022; Elevado, Galupino & Gallardo, 2019;
Haque et al., 2021; Sinkhonde et al., 2021). However, research on using RSM to
predict and optimise the harden properties of CBA concrete was limited. In addition,
since water affects the strength of concrete, it is essential to investigate water
absorption. Prior to that, the independent and dependent parameters must be

determined in order to execute the RSM experimental design.

This research work is to study the potential application of CBA as a partial
replacement of fine aggregate in concrete through compressive strength and water
absorption. In addition, the effects of the water-cement ratios on the compressive
strength and water absorption of CBA concrete are also looked into since CBA
materials absorb a substantial amount of water. Despite this, the RSM models are
developed to obtain the optimisation of design mix. The primary objective of this study
Is to assess how the compressive strength and water absorption properties of CBA
concrete are impacted by varying water-cement ratios and levels of CBA replacement
during different stages of curing, applying the RSM method. Ultimately, the
effectiveness of the RSM model in predicting and optimising the properties of CBA

concrete will be analysed and discussed in the final research report.



1.2 Problem Statement

The environmental issue related to the disposal problem is considered the main factor
of this research to examine the potential use of CBA. In general, CBA is well known
as a non-combustible material produced from the furnace's combustion in thermal
power plants. Indeed, as it is the cheapest and most abundant of material resources,
coal is the most desired compared to oil and gas. The rising usage of coal presents new
challenges, particularly environmental issues. Other than that, the annual production
of CBA was substantial. It makes up around 20% of the total amount of coal ash.
However, CBA does not see a specific application for it. In particular, the CBA was
disposed of in open land, landfills, or ash ponds in thermal power plants. As a result,
an excessive amount of CBA was stored, resulting in decades of environmental
pollution issues. In the current scenario, it is becoming a serious concern due to the
limitation of dumping sites and the continued production rate. Note that the high
amount of CBA at dumping sites might cause a risk to human health and the
environment due to harmful chemicals. According to Hasim et al. (2022), high
concentrations of toxic metals in CBA can pollute soil and groundwater, contributing
to environmental issues. Besides, Hannan et al. (2020) stated that CBA has been
classified as toxic because it contains chemical compounds that can cause cancer,

reproductive problems, and developmental disorders.

The construction materials, such as natural sand, become a concern in this
research. In global, the natural resources of river sand were depleted due to increased
demand for concrete manufacturing. Due to this, the research of innovative approaches
to sustainable development has captured interest worldwide. Conversely, using CBA
as a partial replacement for fine aggregate has become an interesting solution to
disposal issues. In addition, it decreases environmental issues and safeguards natural
resources. In the past, numerous researchers have studied the use of CBA as a fine
aggregate in concrete (Al-fasih et al., 2019; Ghadzali et al., 2020; Jawahar et al., 2019;
Hannan et al., 2020; Singh & Siddique, 2014, 2015). It was observed that CBA
particles resembled sand particles. Therefore, the studies suggested a significant
correlation with respect to their strength. However, there were still results in a change
in the data gathered. Rodriguez-Alvaro et al. (2021) claimed that it is difficult to
determine the appropriate design mix as the properties of CBA from various sources



have changed. Due to this, it becomes a main problem that needs to be tackled before

getting official approval for use.

Besides, researchers often applied the conventional method to determine the
characteristics of concrete. The conventional method required many experiments to
achieve the desired output. Despite this, it required a considerable time and had a high
cost of manufacture. In addition, the alternative method known as the RSM will be
utilised to solve this issue. In particular, RSM is a powerful statistical parameter tool
for designing experiments that can explore the mathematical relationship between
input and output factors with a small number of experiments (Haque et al., 2021). It is
a method for determining the optimal value of numerous independent variables to
obtain desirable products (Breig & Luti, 2021). Moreover, RSM has the potential to
predict or model the responses (Hammoudi et al., 2019). Nevertheless, there have been
several studies on the use of RSM to cement and concrete (Habibi, Ramezanianpour
& Mahdikhani, 2021; Haque et al., 2021; Hassan et al., 2020), but there has been
limited research on the application of RSM in concrete modified with CBA as sand
replacement. Therefore, this research explored the potential effects of CBA as a
substitute for sand in concrete. Meanwhile, this research applied the RSM approach to

predict and optimise the hardened properties of this CBA concrete.

1.3  Research Objective

This research investigates the potential application of CBA as a partial replacement
for fine aggregate in concrete. In particular, RSM's optimisation and prediction tools
have been implemented in this research. Thus, the number of objectives for this
research has been established as follows:
1. To characterise the properties of Coal Bottom Ash (CBA) as a sand
replacement.
2. To predict the compressive strength and water absorption of Coal Bottom Ash
(CBA) concrete using Response Surface Method (RSM).
3. To optimise the effects of water-cement ratio and percentage of Coal Bottom
Ash (CBA) replacement on compressive strength and water absorption at

different curing ages using Response Surface Method (RSM).



1.4  Research Scope

This research focuses on the role of CBA in concrete as a sand substitute. This main
material was sourced from the Manjung Power Plant in Perak. The materials
investigation was conducted to determine the properties of fine aggregate (sand) and
CBA. The particle size distribution, fineness modulus, specific gravity, water
absorption, microstructure, and chemical tests have all been examined. The slump tests
were conducted to evaluate the fresh properties of CBA concrete. The compressive
strength and water absorption tests were performed to achieve the desired goal in this
research. All methods and testing were performed in accordance with the British
Standard (BS) and the American Society for Testing and Materials (ASTM), as
described in Chapter 3.

The mixed concrete design ratio was calculated using the Design of Normal
Concrete, and the concrete with grade 30 MPa represents the target's strength. In order
to predict and optimise the desired responses by the experimental approach of RSM,
the independent and dependent parameters have been identified. In addition, Design-
Expert v13 (Stat-Ease, Inc.) software was applied to perform the experiments. In this
research, the water-cement ratio, percentage of CBA replacement, and curing time
were independent factors, whereas compressive strength and water absorption were
considered dependent. In particular, the independent factors for the water-cement ratio
measured between 0.40-0.50, while the percentage CBA replacement was between
5%—-20% (in weight), and the curing ages measured at 28-56 days.

In RSM, it generates the experimental design. The amount of CBA, fine
aggregate, coarse aggregate, and water-cement ratio varied based on the generated

variables proportioning. However, the water contents were fixed for all the generated

mixes, which is 190 kg/m3, as discussed in Chapter 3. In this research, RSM creates
18 experimental designs to evaluate the combined effects of water-cement ratio,
percentage of CBA replacement, and curing ages on CBA concrete's compressive
strength and water absorption. Three normal concrete designs for 0.40, 0.45, and 0.50
were considered control concrete. In all, 21 mixed designs were examined in this
research. However, considering three specimens for each sample, 100 mm cubes were
used to cast 144 specimens according to the RSM design and control design. In the

end, the comparisons between RSM and the actual experimental testing have been



made in conclusion, and RSM models' effectiveness, robustness, and trustworthiness

have been proven.

1.5  Research Significant

Utilising industrial wastes, such as CBA, as a sand replacement in concrete
manufacturing can help create a sustainable future. It has been expected that the
significant and productive use of CBA can potentially ease the burden on the natural
resources of sand and preserve the environment. Evidence in the literature suggests
that replacing sand aggregate in concrete with CBA at a certain percentage improves
mechanical properties. Until now, finding the appropriate design mix has been
difficult since the material characteristics and just a few published results were often
inconsistent. In particular, as CBA particles have a porous structure as well as
absorbed materials, it has a major influence on the properties of concrete. The finding
of the exact water-cement ratio becomes complicated due to the highly porous
structure of CBA. Therefore, this research examines the hardened properties of
concrete containing CBA as a partial substitute for fine aggregate, considering the

different water-cement ratios.

Besides, modelling tools such as the RSM also attract attention in this research.
This method helps the researchers predict and optimise CBA concrete's hardened
properties. In addition, it offers a comprehensive data presentation with minimal
experimental design compared to the conventional method. On the other hand, if the
disposal problems and environmental impacts can be resolved. Subsequently, using
the RSM approach in concrete fields has assured effective material usage, reducing
production costs and time-consuming. This research also meets the Sustainable
Development Goal (SDG) requirement in the nine-goal: industrial, innovative, and
infrastructure. Furthermore, this approach could play the main role in encouraging
innovation and promoting technological progress. As a result, this approach is

important in finding long-term solutions to economic and environmental challenges.
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